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I would like to begin by

experiments on liquid 3He and

saying that the remarkably simple and beautiful

on 3He-4He solutions done at Duke

University by Bill Fairbank, King Walters, and others in the decade of the

fifties helped lay the foundations for a field which is very active today.

King Walters will describe those days better than I. But I want to add how
3important those early observations of Fermi-like behavior in liquid He and

3 4,
of the phase-separation phenomenon in He- ,Iesolutions have turned out to

be and how they provided something secure on which I could build my own

experimental work in the field of liquid helium.

My contribution below to this conference differs from most of the others,

yet I feel that it is still appropriate. Certainly one of the themes of the

Near Zero Conference is the importance to physics of attaining temperatures

near the absolute zero. Although there is no longer any problem in reaching

exceedingly low temperatures, in some sense the motivation for my present

far-from-complete work is to reexamine old ideas and investigate new ones to

see if it might not be possible to attain low temperatures more simply, and in

doing so to open up the temperature region “near zero” to even more widespread

discovery and invention. In this work I am only following Carnot’s

admonition, written in the last paragraph of his hook,l to the eff~ct thdt

there is more to the subject of heat engint?s7 than the efficient use of heat.

iindwork; that convenience, economy, ~nl above all simplicity ~re essrat.iitl

components of the solution to any practical problem. I like to think that

some of the hallmarks of Hill Fairbanks contrihutiont to physics are both the

ingivluityd(ldth~qessentidl simplicity of his crpprollcllto the solution of

practical In[?ilsurt!mt?ntproblems.

1. 1 ~~~()[)[j(:T]()N
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rather than l-(TC/TH), where TC and TH are the temperatures of the cold and

hot reservoirs.

An example of an engine which has Carnot’s efficiency in the limit of long

periods is the Stirling engine.5 Rev. Rob(?rt Stirling invented this

reciprocating engine in 1816, eight years befare Carnot’s book was published.

I think of Stirling’s engine as being in’~rinsically reversible. Stirling

introduced into the engine what I call a second thermodynamic medium in

addition to the primary thermodynamic medium (air for Stirling’s engine).

Engineers call this second medium a heat regenerator. It plays the role of a

continuously distributed heat source and sink iaternal to the engine and makes

possible an idealized cycle having Carnot efficiency in which all processes

are locally isothermal. The Stirling engine, as for all intrinsically

reversible engines, has two separately controlled elements; in this case a

power piston and a displacer which are phased appropriately with respect to

one another to produce a useful output.

The intrinsically irreversible heat engines I discuss here use the

irreversible process of thermal conduction to achieve the necessary phasing

between temperature changes and motion of a primary medium and the.efore have

only one movinq mechanical element. Stirling’s second thermodynamic medium is

also an essential element of such engines, but now the thermal contact with it

is n~ither very good nor very bad. Indeed, no usefui output is obtained

either in LhI?reversible isothmn,ll limit, where ttlpengine rllnsvery slowly;

or irlttl[?revcrsihl[! ,~dinb~tic limit, where the engine is running very fast.

That is why I call such engines “intrinsically irreversible.” it is ?1s0

nw~?ss,lry for thv gromrtr icnl <ymnwtry Iwtweell primary aridsccnnflary media to

bc I)r[]k[lrlin or-dpr t,rJ,Ir,lliev[’flIIsct’ul thf!rlno(lyf~tllllicresult.

1~ an [?xt.rrrlalsourcv work~ on sIJch ~rl~~rl~]irl{!then ,1tuuy)era:urt!

dil”fw[}rlct?is prrrdllr,o(l.[f II](!primtlr.yw(!(limnts d ttlf!rlll[)[lyrllllllicilllyfictiv(?
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temperatures. Essential to the simplicity are the need for only one moving

element and the quality that thermal contact to the second medium iiwstnot be

good .

I refer to the present class of engines as intrinsically irreversible but

functionally reversible to distinguish thin, for example, from refrigerators

which employ the irreversible Joule-Thomson expansion of a fluid to produce

low temperatures. The Joule-Thomson, or perhaps better the Linde-Hampson,

coo”lingmethod is characterized by simplicity and effectiveness and indeed was

the means employed by Kamerlingh Onnes to liquify helium. The present engines

are functionality ‘-eversible in the sense that they can be prime movers as well

as refrigerators, just depending or the temperatures spanning the engine. As
6

prime movers, in one form Lhey are the famous Sondhauss tubes in acoustics .

In another form familiar to all low temperature experimental ists they lead to

the “Taconis oscillations” in a tube inserted through a temperature gradient

into a vessel containing liquid helium.

The possibility of using the irreversible process of thermal cond’~ction as

part of a method to produce cold was first proposed by Giffo;d and Longsworth

and then developed by them in a series of papers.
8-11

They called their

cfuvice a “pulse tube refrigerator” and described its op~rat.ion !n terms of ~

concept called “surface heat pumping,” It operated dt.low frequcrrcy (cd. I

Hz) and used pressure changes of several atmolphcrrs. I wds remindd of tht?

Gifford and Longsworth papers last year wh~n I ran dcrrrss thwn aqain whilu

browsing in thu library at Lhd Kamerlinqh (;nn(’slah~)rdtory. Just (Itthat tim(!

[ wds also studyin!~ a ptl;)~!rby Ccp~?rlcy
17 on d trdv[’lillqW(]VP dcou>ticl~l

en!]in~. The C~perl(’.ymqin~ is cssr!ntidll.y~ novt’1 S1 irlin[l(’r~qin(?.It

rv(~uir(?s,as for all Stirlin!l(?nqirll’s,rf~qif]r~c, t)t” h iqh till’rmd I cr)rltdct butwf’IJII
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11. THE PRINCIPAL THERMODYNAMIC EFFECTS

An apparatus in which the principal thermodynamic effects can be observed

is shown in Fig. 1. I want to emphasize that from a fundamental point of view

the use of acoustical techniques in this apparatus is peripheral. An

acoustical compression driver (loud speaker) excites a resonant acoustical

tube in the form of a U which is closed at one end. The U shape is ~sed to

eliminate natural convective heat transfer. The second thermodynamic medium,

on which our attention will be focused, is a stack of 19 fibe”’glass plates

shown in more detail in Fig. 2. These are instrumented by epoxying five

chromel-constantan thermocouples TC1 to TC5 to the central plate with the

junctions located more or less as shown. The tube contains 4He gas at an

average pressure p that we can control. At the closed end of the tube the

dynamic pressure amplitude P. can be measured accurately. Both the driver

and the closed end of the tube, whose temperature is measured by thermocouple

TC6, are near room temperature. The walls of the straight sections of the

U-tube are 1 wan thick fiberglass and are insulated with superinsulation, the

whole U-tube being in vacuum. The bottom of the U-tube is copper whose

temperature, mf!asurrd using TC7, can be adjusted by controlling the flow of

N? boiloft gas from a liquid N? bath. The open space above and below the

second rnediurnis dcsignpd to hav[’ a hiqh thermal resistance. This form of the

appdrd~us, with gas cooling at the bottom of the 11,is necessary to reduce the

hrdt inplitto th~ bottom end of the second medium to a controllably small

V(illl(!. lI1[?tubv i% op(!rdted at rcsnn(lncp. Althollqh heat qencratod in the

sl!cnndmedium itself by viscous ~ffects is small, owinq to its proximity to

t.h[’l)r~y~;sur(’arll.inod(’,Ilet-ltqen(qr,lt(~tivi<cnusl,y in other p~rts of lllf)tube ar~d

II’!(ILfrurnthr?room twqwr,ltllr~ region is transported tow,lrd tht?second In(?diurn,

illprlrtI),ydcous! icdl st.remnir~q. in ,]pr(lcticdl cool ill!~en(!inc it will bd

llll(.IIc,~,(Ir-yto I)ltIyt~trick to (’lirnin,lt.rthis prohlmrt, hut for tll(’pr[’sent,

plirl)()’;f’:tof iil~lttrlltinqI.111:pr

IJ,IIi<ld(:l,ory.As ttl(’ l(vlgttl 01

1-(1(1i,111 I(vlut,hof th(’,lcI)[ILt.ii:,l1

I.tltl‘;(111111t“(~tll II,\Wf)llId Pr(?’lllllldl)
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. In this apparatus we can measure temperature and static and dynamic

pressure. Two types of experiments give readily interpretable results. In

one, with the apparatus initially at a uniform temperature (usually ambient),

the acoustical power is suddenly applied for a short time and the thermocouple

response measured. In such a measurement the initial time rate of change of

temperature T1 is proportional to the heat flux into the surface of the

second medium. In a second experiment the temperature distribution along the

second medium is observed for essentially adiabatic conditions under the

action of continuous wave acoustical power.

Typical results of tne sudden application of acoustical power are shown

in Fig. 3. They show the essence of the thermodynamic effects. Before

acou~tical power is applied, we have (gradzT) = O along the plates. The
4
He pressure is 4.90 bar and the sound frequency is adjusted to resonance,

near 400 Hz. At time t ❑ O acoustical power is applied with amplitude ratio

Po/p = .0092. This corresponds to only about 4% of a typical power level

and was adjusted for demonstration purgosss to allow all five thermocouple

responses to be shown with the same sensitivity. Edch of thermocouples ?, 3,

and 4, those within the plates, had very nearly the same response, a heating

with T constant but not ldrge. Thermocouple 5, located at the edge of the

plates closest to the closed end, heats rapidly while 1, located at the cdgd

of the plates closest to the driver end, cools everlmore rapidly. Thes(’

observations are consistent with the following time-,lver~g(?dpnergy flows in

thr gas tow,lrrithe closed end. Withir the platns hiltfar from the ends, the

errerqy flow toward tho cl(~jed end incrt+aqr?slinf+ilrlywith the dist[]flc~z from

thr closed ~?rld. Then, from corserva~inn of (?r]erqy,tht~tilll(q-(lvt?r(l!j(’(lhrdt

flow per unit lrn(tthinto the plates will I)Pcon~t,lnt.,J5 ol)sl’rv(?d.Th[Irt~dr(’

suddrvlchanqes in thr enrrqy flow dt LI}i’ rrl(lsnf thf)pi,]:.r%,ttll)(ln{~r(],yflow

in thr’qas Iwinq smtill{?rat both Pnds out.si(l[’t,h(’p?,)tt’s. Th~lfl,Ilt“TcI, ttl(’

~tt..!~qy flow I.oward t,hucIo<I’d rnd is qr(’~lt(’rwitnirl t,h,~nil.is ()~lt.?idrLhi’

pi(lt~’,, I;n I1o,1I, IIIIJI;L bP r!xtr(lct~}dfrom I.IIPp lllt,r~’i(11111 thl~ir!.lvnl)(~r[llllrt+mu~t

(Ir’op,,15ol)’1l’i’v(’d . At TCIJtll~’l’nrrfl.yIlow l.r)w,lr~lt.hl’(:Ir)’,[’(1 IInd is (tr.(’,lt~lr

within th,]rlit i!,nutti(lt’tt)l’l~lllt(~’),so l.hI~pl,lt.(1:,IIMI\f.dl)’l[Irl)Illillt.,thIIir

t(wq)l?rlltut”~’ris ir)[l,1sol)s(’rv(’(1. l!tl’I.llll’”ll;l)[l,yrl,lllli(:,1(ti[)ll(:llrr~l’;l)oll(lil)q!,()[.11~1

tll~,lt.in(l,It 11:4.II1(IlhIS(:llolif~ll,It 1/”1!; ,1rl’fltr.11fIJlflli”I’1)1tlII~i)”l”t}vfir’;il)lo

(lrl(lir]~’,



The second experiment which can be done reasonably well is to study the

adiabatic temperature distribution. Here what is done is to let the acoustical

power act continuously, adjusting the temperature at TC7 and ohserving the

temperatures of TC1 through TC5. As I pointed out in describing the apparatus

the thermal resistance of the spaces adjacent to the stack of plates is high,

so the response of the plates is nearly adiabatic. Typical results of this

experiment for
4
He gas at p = 1.90 bar and a dynamic pressure ratio

Po/p = 0.04 are shown in Fig. 4, where the absolute temperatures of the five

thei’mocouples are shown vs. their longitudinal positions on the stack. The

data are obtained as follows. Starting with the whole stack at the ambient

temperature, that of TC6 at about 287° K, the acoustical power is turned

on. There is an immediate response: in a few minutes a quasi-equilibrium

temperature distribution is developed with T5> T6 and T1 < T6 and

a temperature difference (T5-T,) comparable to that cn any of the curves

shown. Then depending ~n how T7 is manipulated we find a variety of very

similar equilibrium distributions, four of which are shown in Fig. 4. A gocd

way to describe this distribution is “rigid,” It is established quickly. The

general temperature level can be changed slowly by changing T7, but this

control is JeI.y “soft.” The distribution is insensitive, at a lwel of 5 to

10Z, t.ovariations of static pressure over a factor of 1(I(from 0.5 to 5 bar),

to vat’iations of dynamic pressure Po/p over a factor of 5 (and thus in power

over d factor 25), and to small variations in frequency (factor 2 to 3). It

al~n IJCM!Snot depend strongly cm either T6 or T7. The dashed line on

Iig. fl i5 Cdlculdtf?(l using th(? d(lia!)(ilic (?qllationof state for liegas, with4

T heinq th(’tmnpcratur(’ at z, with V hr.inq the volum~ included between the

CII)L(YI (+ri(l of t.ht? tuhr ;ind t-llf poirlt z, dnd with a forced fit. at TC5. A

rf?lnt;(mship Iik(jthis hctw(?(’nthe ddial),lt.ic equiition of statr?of the qas and

t.h(’l.(’rllll(qr(ll.llr[!dikt.ril)utiorlin ahs(’flc[’of ilPAt flows wds prnposcd hy Giffor(l
[1

dllIlIoll(l~.’f(lrt,tl,



III. UNDERSTANDING THE INTRINSICALLY IRREVERSIBLE ENGINE WITH IDEAL GAS

PRIMARY WORKING SUBSTANCF.

The concept of phase is important in heat engines. As shown in Fig. 5a,

the phasing in an internal combustion engine is provided by the correct timing

of the ignition or injection of fuel irltothe cylinder with respect to the

motion of the piston. The resulting indicator diagram (or p-V plot) has an

enclosed area corresponding to the work done in a cycle. Proper phasing is

achieved in a Stirling engine, Fig. 5b, by moving the piston P dnd the

displacer D independently to maximize the area of the indicator diagram. In

each of the above two quantities had to be controlled and caused to act in

proper time sequence to achieve the desired result. In Fig. SC I consider a

piston and cylinder enclcsing a gas with only one moving e ement, the pi~ton,

and with only reversible processes considered. If T iS the thermal

relaxation time of gas in the cylinder andw is the angular frequency of

piston motion then the two possibilities for reversible processes are either

isothermal (w-c<< 1) or adiabatic ~T >Z 1). Starting at the same

state (p,V) and letting the piston oscillate produces no included area on the

indicator diagram in either extreme. But if, as suggested in Fig. 5d, the

thermal contact is too poor to allow isothermal processes yet not so poor as

to make the processes adiabatic, then the indicator diagra’nwill have a net

inclljrl~darea. In this case, and for J small sinusoidiil variation of volume

withwl < 1 so that the processes are not quite isothermal, the indicator

diagram will appear ~s showII. During expansion the gas will be generally

lower in temperature than its surroundings, and hence at a lower pr~ssure than

the isotherm; during c(mprcssion the gas will be gcnrr~lly higher in

Lemperat.ure and hence at hiqhcr pressures thdn the i~otherm. tl~ncewith only

one moving element, the piston, and irreversihilitv therl is a finite included

area on ~he indicator di;i!~rilm.Hut that is not rnouqh to prodllce ~TJ—._.—....._i-..
interesting thermodynamic ~ffect.

Ixc(!pt.ingthe r~qion v(!ryne,lr to thv piston itself the al)ovu

irrrv~rsibility just leads to LhC al)sorptinn of h~~t by l.h~walls of Ill[?

cyl ind!’r. Wh,]t is nrce:isary to produce sm?t.hinq int(?restinq is to make th(?

\yllllm’t r-y I)t t.hl+ sPr:ond 1111’(]ilml dml [It I III ‘,IIIII:I! l)c(:li[~ifl!l by ttlt~ pr im,iry mI’d ilim

diff~rrrlt. Why this ir impor-t.,lntc,ln t: ljrllj(!r~.t.()()(1 rdtlll~r (Ids iIy I)y

I:OII\ lLIIII- 1111~tjrll~r(~ytlf~w in 1.)1,! (~,l:;o l?t:ll~r :,) ~il, 11,1● wh i(:!l~how~ d (:vIill(i(~r

:{



with walls at constant temperature containing a gas confined by an oscillating

piston. Excluding kinetic energy of mass motion the energy flow in the gas is

the enthalpy flow. What is of interest is the time-averaged energy flow ~,

taken positive in the direction along z toward the closed end. If ii depends

on x then -d~/dx is, by conservation of energy, the time-averaged heat flow

per unit length into the walls of the cylinder. The time-averaged energy flow

can be written schematically

;=~= AVPC
P&i

where the double bar indicates both a time and

9 (1)

spatial average, A is the cross-

sectional area, p is mass density, cp and h are specific heat and enthalpy

per unit mass anti15T is the temperature deviation from the isothermal

surroundings. For isothermal processes, the temperature deviation 15T is

zero; while for adiabatic processes v and 6T have a n/2 phase difference,

so that their time-averaged product is zero. Hence for both types tif-.
reversible processes H is zero. In the limit of zero Prandtl number and where

the thermal penetration depth

6K = (?K/w)’”* (2)

is small compdred to the distdnc~’ bctwll>n solid w,I1ls, where K = K/PCp

is the thermal diffusivity, K is therlll.11conductivity, (Ind(()is angular

frequency of the piston motion; the energy flow can be calculated simply with

the result that H cc vop~l~~r, with proportionality Cmst.ant of

~rder unity. From (1) Lhe ,~reaA is replaced fly the product of the perimeter

(,lt~ : II and the penetration depl.h S,., th(? velocity v by the v~locity

amplltud~’ (t~t z) vu, and the quantit~r oc~f T hy Po, the awlitu~e of

th(? dynamic pressure variation. [For id{’al gases (~Trdp)~ =

(ml,)-’.] I:xpressinq V. ir~ terror of ttle compressibility, the



distance Iz ! from the closed end, the angular frequency w, and Po;
4

and putting in the numerical constants valid for He gas one gets

T ()P2H=4
f116Kp +Tz. (3)

The energy flow depends on both perimeter, or surface area zer unit length,

and distance from the closed end. For a geometry such as that of Fig. fib,

where a set of plates has been inserted into the cylinder, the dependence of

energy flow on I21 is as shown: moving away from the closed end there is a

sudden increase where the plates begin, a.steady increase over the region of

the plates,
T

and then a sudden decrease where the plates end. H does not drop

to zero outside the plates as of course work is being performed on the gas in..-
the plates and beyond. (There are no sudden changes in H, but rather rapid

changes over distances estimated by the amplitude of the fluid motion.) These

are exactly the qualities expected from the experimental data shown in Fig.

3. Absent the symmetry breaking geometrical change, only heat rejection to

the second medium would result.

If the above is somewhat unfamiliar, then consider for purposes of

understanding an analogous magnetic system. Imgine a magnetic body with a

system of spins (the primary medium) and iIlattice (the second medium) coupled

by a thermal resistance. Let the maqnctic body move in a sinusoidal fashion

at angular frequency in an inhomogeneous field so that temperat[ire changes

will result. If T is the spin-lattice relaxation time, then there is no

average heat consequence either in the isothermal (wT << 1) or adi’lbal,i~.

(wI >> 1) limi~S. But in between, forwT~ 1, wc know that themaqnct-

ization and field will be phased so th(lton th~ average heat is rejectf~d LO

the lattic(?. Ther~ is, howf?v~r, no Iiseful th(?rmr)riynmnicr[?sult; only the

dirt?ct conversion of work into h{~at at thf? l,~ttice t~wlp~?rature. Thic

corresponds to th(!situ,~tion in the cylirldt?rof Fig. 6a bcfot”(!the pldt[?s arc

irltrodljc~?d.[jut now suppose that LIM? “spirl~” ~n[l th(? “l~t.tic~” ,Ir[?irl

diffl’r~nf.Imdies cqIJrIlerl fly ~orrw th(’rwi]!rrsict,!r!ce—----.—- - ,Irlfl1;It I.hl:5yfI;III{!t,ry

between t.h[?rnbe broken by, sity, lilnltill~ ttlf? SiZP of tht? “spins.” Furtht!rrrl(jrl?

1)



let the “spins” be moved in an oscillatory fashion with respect to t-he

“lattice” in the inhomogeneous magnetic field. Then what will happen is tnat

the end of the “spins” in the vieaker field will cool while that end in the

stronger field will heat. A usef~l thermodynamical ~ffect has been produced

which will be optimal in the vicinity ofm z 1.

The above considerations were based on a starting condition of uniform

temperature with (gradzT) = O. Suppose we let the engine run co[ti.luously

so that a steady temperature difference is achieved. In a practical engine

this temperature difference will be limited by for example external heat

flows, internal heat generation due to viscosity, longitudinal conductivity of

the various thermodynamic media and of the container, and heat transport due

to natur?l or forced convective motions of the fluid. The ideal fluid has no

viscosity but does have thermal conductivity; it has zero Prandtl number. In

a typical fluid the effect of viscosity need not be overwhelming as the

refrigeration effect at the end of the plates is proportional to the plate

length while the overall viscous heating effect is proportiofial roughly to the

cube of the plate length; I think that the two can be adjusted appropriately

by choice of geometry and frequency so that viscous effects wili not be

large. For the ideal fluid in the ideal engine in the absence of external

heat flows the tellperature gradient wiil continue to develop as acoustical

power is applied until heat flow to the second medium drops to zero. To

understand this consider a particle of fluid shown in a cylinder in Fig. 7.

As it moves toward the closed end its temperature rises and as it moves ~way

its temperature falls. Initi~lly, (gradzT) is zero, and a given fluid

particle tends to give heat to the walls on compression and take heat from the

wfllls on expar.sion. But us the engine runs and T increases toward the closed

er]d the temperature difference driving the heat flow to the second medium

decreases. Finally, at some limiting temperature gradient in tt’? wall

(gradzT)li[n th~ ~’eat flow to the wall will reach zero and we will have the

corld ition

(4)



where X. is the amplit:~de of the particle motion aridISTO is the amplitude

of the adiabatic temperature change of the fluid particle. For adiabatic proc-

esses in an ideal monatomic gas6To/T ❑ - (2/3) 6V/V and Po/P = - (5/3)15V/V.

As the pressure and pressure changes are uniform even in the gas with non-

uniform temperature, the fractional volume change amplitude 15V/V of a given

fluid particle at z is the same as the total fractional volume change

amp! itude A(z) xo/V(z) beyond z, where A(z) is the cross-secticnal area at z

and V(z) is the volume included between z and the closed end. As a

consequence, from (4)

IgradzT Iim ‘h-&7i-m” (5)

Tlis is equivalent tc

2/3
T(z) V(Z) = constant (6)

l.’



Eq. (5) will the gas on compression be cooler than it~ immediate surroundings

so that heat cim be absorbed. For refrigerator operation heat transfer to the

hot reservoir and from the cold reservoir can be via regions of constant

temperature. But for prime mover operation some of the overall temperature

difference available must be used up to achieve suitably large temperature

graciients to achieve the necessary direction of heat transfer. This could be

looked upon as an undesirable quality, but then it could also mean greater

simplicity of the necessa;y heat exchangers. And simplicity after all is one

~f the most impc?tant practical characteristics Of thPSe eflgifIeS.

IV. GENERAL REMARKS

The engine as we have been describing it really does not depend on

acoustical concepts. !lutas simplicity is such an important quality of

intrinsically irreversible engines, and as acoustical techniques are so simple

and ell?qant and the relatively’ high frequency useful, future study of an

~coustical enqine is very desirable. But there are problems to be ovwcomc.

f)nr is cunc(?rnt?d~ittlviscous heating. To reduce viscous heating to a small

v~lul?rcl~tive t.o the thermodyn~rnic cooling effect it is essential that the

$econd medium be placed near a pressur~ antinocle and that tl~eratiu of the

]Pnf;thof the Secr)nd medium to the rarti~n lenqth of the acoustical wave be

subtly small. ~ven thi>n the tle~ting cfft?ct 6f the rt?mainclerof the opt?n

r(’sl)!lant tul)c is l?xccssive. A way must he found to oeal with this problem. A
3~~1{.f)lidi~rohli)mis as~oci~tcd with the cff~?ct.sof ~coustical streaming. In

this wt’11 knf)wrlr?fft?ct~rloscillatory tlow in Lh(?prcsrnci!of hound~ries leads

vv flow, As a c.onrrquerlccwe can

sllsp(~ct,that this is the rt?dsnn

1 ,Illidhatictomperaturt~ tiifft’t.encf’



space at the end of the tube. Now in the way we have operated the engine, if

‘P
is the thermal time constant in the region of the plates and~o is the

thermal time constant in the open region, then we normally have wTo>> 1 and

(UT =
P

1. Processes in the open space are essentially adiabatic while in the

region of the plates thermal contact is just poor. The energy flow curve of

Fig. 6b applies. However, if for the same geometry we decreasew until the

thermal pent *ation depth in the open tube is comparable to the radius, then we

will havew~ ‘. 1 andw~pc< 1.
0

The time-averaged energy flow in the open

space goes up; that in the plates decreases toward zero. The signs of the

discontinuities in Fat the ends cf the plates change; the regions of heating

and cooling are interchanged. It is interesting that this latter condition is

the one that probably appl;ed to the experiments of Gifford and l.ongsworth. In

any case more than geometrical configuration is important in these engilies.

I have said before that I think the concepts presented here are quite

general, not limited to any particular working substance. Whr?ther or not they

are used in any practical case probably will be rel~ted to th~ importance ~f

simplicity. The essential requirements seem to be (1) both prirrary and

secondary thermcrdynamic mecli~, (2) rtilativ(gmotion betwt?un primdry dn(l

secondlry media, (3) an irreversihlc proce’s, pr[!f[!r(lhlytherm(ll, to ~rovid~’

suitable phclsing between motion and temperature? chdnges, ~nd (4) ,1 I)reakillqt

cith(?r contirluously or dircontindously, of th[+ r~’l~lt iv(’ s,~lml’t.r,y t)~’tw(’w~

primdry and secondary medino The primary m~ulium must IN. t,ht’rrnr](lyll,]rllic,l ll,y

dctive; that is, its rrrtropy dt constant t.wnp~’rdtllrl’‘,ht)lllfl(i~~pon(l a(t(lr~llllt IIly

stron(lly or) som(? (:xt(!rndll,y dpplifld ~)dr,lnlf’t(’r Su(:tl d< prI*C,SIJI.ID [Jr I,I,II]nvl i I

field. Th[’ sf!cr)n[l,lry m~diunl %houlfl Il,]vt’ ,]rl ,]dw~l~,lt~l hl~,lt C,IIJ,II ily.

Tllf’(~1’n[’ralprincil)ll’ whi(:h (ic’t(’rnlin~’~ !tlf’ I,t II,I(ty 111dlII lll)l’f-(IL i(~ll IIt thi’,

l,,y~)I.! of erl(]itlll Il,]k rlo[ 1)(’I’11 “It{lt(’(i. It prol){)l)ly ShIIIJIIl IMI ll~rli.i’lfl’nl willl tll~’

l)r.il]l.il]l~~ [Jt” Inirlimlnn r,ll[’ I}f ~~rl)illlf i ii)ll I)f ,,,, lo,)y, 1“ ,IL 111,11,1 tflr- !IIII

l~r[’$1’llt. (’xl]llrim{~rll~. Ihll’tm fOI- tll~’ i(ll’(ll (’nllirll’ with 11[} lllll’IQIIOII tlllr~t inl~ljt

,11111wl~Pr II I 1111 l,lll~)-lll~)(l.yrtllllli( (If 1111If, ,11”11~11111III till,).ln(ll I IJIIFIII{ I i~ll~ ,111~1vi~,! IIIIC.

Ijffl’( t’, ,Ir!’ IIP(II itiil)ll’, ,1’; tlII* (*111111111IIIVII-,lllll. !Illfl [Ill’ t l’1lllll’1 ’,11111’!’ ljl”,ltlll~llt

d{ ’V OiIJIV, ttll’ r,jlfll)i 1)1”1111111I 11111 I}f IIIIt I”III~V 111~~I. I,,l!, II,,, I 1111111’/, 111 !~ll’ (1’~ll,lllilt

Ii III I j I l[l)iiljlrl ~,1 ,If II wtli)ll 111’,lt It’,lll”. fl’1”’, t!) Itlli ~,1’( 011(1 llll~(jllllll ( li,,,,l~ 11111 I“, I!I* of

\lt”, ll!l Jl : 1[)11 1)1 1,)111“1);,/ )1 l., 0,)1 1,11 ll’1lll, ,’! t] :,’~1~,

‘1



The intrinsically irreversible heat engine is certainly a conceptually

and scientifically interesting object. i4hether or not it will lead to the

hoped-for solutions to practical problems in low temperature technology has

yet to be shown. The limiting temperature distribution of Eq. (6) should apply

I Zlis
provided both that sources of heat can be eliminated and that (grad T)

not so large as to lead to an excessive heat transfer within the second

medium. From Eq. (6) factors of 2, 4, and 8 reductions in temperature

require, respectively, factors of ?.8, 8, and 27.6 in volume ratio. It is

also possible in principle to provide stages of tempt-‘ature reauction as is

conwnon in coollng using more conventional cooling methods. Or one might

combine an irreversible acoustical engine with a Joule-Thomson engine or with,

say, an intrinsically irreversible magnetic engine. For the present a

detailed scientific understanding of intrinsically irreversible heat engines

acd the problems and peculiarities of their acoustical manifestations must

precede priictical developments.

v. ACKN(IWLEDGSMENTS

I wish to acknowlmhy here the mflny important.contributions to this work

mddf! hy 111.ycolledgurs Greg Swift dnd Al Mi!lliori, st.artinq dt the earliest,

stdq(’. 1 ~lso wish to dcknowlcdcy? th(?work of Tom Hofler, with whom the

mt:,lurfwlfints ~hown on Tiq. 4 w(!rrmrld[’. 1 m al$o indrht(?d to th(~[1.S.

[If’p,lrtmi’ntof lnorqy Ior th(!kupport of”this work, hoi.h throllqh L}](1Ilas;c

i111’1’(ly‘;,.i[’nc(’I’roflrm an(l i.hrnu(lll lr~,t. it,lll inn,ll Supp[~rt, inq I{&[] fIInds hcri~ ,lt

thl’ III’, AI,IIIIO”, N,~t i[m,~l I,llh)r,ltot-.y.

I ‘$



References——

1.

?.

3.

4.

1:’.

l{.

S. Carnot, “Reflections on the Motive Power of Fire, and on Machines

Fitted to Develop that Power,” (1824), transl. and ed. by R. H. Thurston,

eci.by E. Mendoza, Peter Smith Publisher, Inc., Gloucester, Mas’i. (1977),

p. 59.

In this paper the term “tleatengine” refers to any apparatus in which the

concepts of heat, work, energy, and temperature are important. Heat

engines may be classified according to their function. A heat engine

whose function is to trdnsfer heat from one reservoir to anothl’r by the

performance of external work is called a refrigerator or hr?ak pllmp. A

heat engine whcrse function is to perform external work by ahsort)ill!j h~~,~t

from one reservoir and rejecting heat to a lower temperature reservoir

may be called a prime mover. In this paper I m mainly concerned with

refrigerators.

F. L. Curzon and i-i,Ahlborn, Am. J. Phys. Q, 27 (197S).

B. Anciresen, R. S. Bert’y,A. Nitzan, and P. Salmnn, Phys. Rev. A15, 201{6—...
(1977). Refs. 3 and 4 introd(;cn the effect of irrevt?rsibilityon

optimi/inq powvr out from intrinsically ruversibl[? vnqinrs.

G. Winker, “Stirlillq tngin[?s,” Clar(?niionPrrss, Oxiord (l[lllO). This is

prim(lril,y,lnf?nqinrwrinq text. It curltdins some illt(~rf?st.ill!ltlist~lriccll

m,ltl’ri(ll.

J. W. S. l{r~,yluiqh,Th[~Theory of S[)UII(l,Voi. il (lh)v(’t-[’lll)l;i:,ll.jell<, NI’W

Y[)rk,7nd r(iit.ii)n)(i045) p. 7.10.

K. W. i(~cfrni~,,1.,1.M. lh’f’ni~kkr’rtA. ().C. Ni#’r,,lrl(iI. 1. Al~irlcil,

l’hysicd i$, /33 (1°4’1).

W. l’. Gif’f[]r{i dnfi R. C. I[)rlfi’,wf)rttt, hiv. irl (;r’,y[)I]f~IIi[: l“mj. io, h(l (i’l(,{j).

W, l,.(;~ffor(i,lr)~i l{. (1. Iollrl”,w[)rt.il, A[iIJ. it) Cryo(lf’rlic l,IItI. il, I/i (l~lf~fi).

p. (:. lorlqt+wf~rth, A{iv. il] [~tivo[ji~rll(: i’rlq. i?, [ion (1~1[1/),

W. 1. (;ifl[)r[i,tt)(l(;. Il. K,y,lrlk,}, A[iv. irl (Iry{)fIIIIIi~: irl~~. l;’, (Ii’) (191)/).

1{!’1 I’t’l’ll{,l”; /l-ii fjiv[’ d IIfmIi IIr’rlt’r(ll (ii\r”ll’)’li[Jlt {)f i,lll’ I)il:’ll:mll’1111 Whi(, il

l)(.(lll- irl d l)ui’,i’ tIIiIII r~’lr”i[l(*r’,lltjr., Iil[llllltl j ,1111illt Iillllrl II) flxlji,\jrl 11111

l)llwll)m~’r)ll fr~)m d ‘,~)ml’wt~llt ~iilt[’r~’111 vi~’wl)[)itlt. liI,III III(* ,~llltl~)r!,.

l). Il. (:II IIIIri IIV, ,1. /\ II) II”,l,. ‘;IM:. AIII. 1~~) l’\l)!~ (i’~~’~).

,1. Iiqhlhill, ,l[)lll. . III !~f)llrlli ,~r)[i V ii)).lll. it)Il (I i , .1’)1 ( i“jll) . ll)i~ iI, ,111

I’MI.1’I 11’111 lll’1ll’r” .11 l’1’11’)’l’fll’1~ fl) Itll’ 1)11111101111’111)11 Ill !111)11’.1 ;l ,11 ‘Ilt’I’(lllllll il.

l,,



14. N. Rott, J. APP1 Math. and Phys. 25, 619 (1974). Calculation of—

thermoacoustical effects for (gradzT) = O for any Prandtl number in the

approximatiorl that the penetration depths are small compared tu the

spacings between solid walls.

15. G. Vicolis and I. Priqogine, “Self-Organization in Nonequilibrium

Systems,” [John Wiley, Ncw York), (1977) p. 4?.

FIGURE CAPTIONS

Fiq. 1, Schematic di,iqrarn of apparatus using acoustical techniques to study

the qualities of an intrinsically irreversible heat engine and using He g~s
4

r~[?,lrroom temperature as primary medium and fiberglass plates as secondary

m[?diurno TC1 thrYNIIJh TC7 are thermocouple sensors, p is the static pressure

find1)()th~ ,wrrplitudeof th(?(I,ynmnicpressure.

riq. 2. Schmmtic dr~wing showing the gmmet.ry of th[’ parallel plate s~cond

modi~ml ,lrldof th(!th[~rm[]couplclocations.

l;
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Fig. 5. Illustr~tion of how phase plays a role in heat engines. p and V

refer to the pressure and volume of gas in the cylirider. (a) refers to an

internal combustion (1.C.) engine with heat introduction at the (*). (b)

shows a Stirling engine with piston P and displacer IImoved individually in an

articulated cycle. (c) describes reversible isothermal (LoT << 1) and

reversible adiabatic (UT >> 1) processes; m is angular frequency and T

is thermal relaxation time. (d) shows the behavior for an intermediate

thermal contact with thermal penetration depthd~ comparable to the

cylinder radius.

Fig. 6. (a) Geometry used for the calculation of energy flow in the gas. z

and v are local gas position and velocity. fi~, Eq. (2) in text, is the

thermal penetration depth. (b) Time-averaged energy flows as a function of z

for (gradzT) = O when a stack of plates is introduced into the cylinder of

(a).

Fig. 7. A p?rticle of g~s oscillates simple harmonically in the cylinder at

distance z from the closed end with amplitude X6 and temperature varidtior]

of amplitude STO. The induced longitudinal tempcrat[lr(!gr(~dient irlthf:

s[~,-orlrl medium is (gr,~ci7 T).
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